Aims. We present a comprehensive study of the Crab Nebula spectral energy distribution (SED) over more than 6 decades in frequency ranging from 1 to 10 6 GHz. We focus on the millimetre regime where an excess of flux has been claimed. For this purpose we use new radio and submillimetre data from the WMAP satellite between 23 and 94 GHz and from the Archeops balloon experiment between 143 and 545 GHz, and a compendium of already published Crab Nebula observations. Methods. The Crab SED has been compared to models including three main components : synchrotron which is responsible for the emission at low and at high frequencies, dust which explains the excess of flux observed by the IRAS satellite and an extra component to account for a possible millimetre excess. Results. For this extra component we have considered both a low-temperature dust and a low-energy cutoff synchrotron. In the case of extra dust component the best fit model requires extremely low dust temperatures of 5-6 K and therefore a large dust mass of ∼110-230 M ⊙ , making the model fully unrealistic. In any case the extra dust component does not significantly improve the fit to the data in the millimetric regime from 100 to 1000 GHz. For the case of an extra synchrotron component we find that the spectral index of the energy distribution and the cutoff frequency are not constrained by the model. More importantly the best-fit to the data has larger residuals in the millimetric regime that when assuming no extra component. Conclusions. The currently available data in the unpolarised emission of the Crab Nebula show no evidence of millimetric excess with respect to the known synchrotron emission. This is important for the Planck satellite mission which will use the Crab nebula for polarisation cross-checks in the range 30 to 857 GHz.
Introduction
As the strongest source of synchrotron radiation in our galaxy, the pulsar-powered Crab nebula (Taurus A) is a well studied astrophysical object and it is therefore used for calibration purpose. This will be the case for the Planck satellite mission which will use the Crab Nebula for polarisation cross-checks in the frequency range from 30 to 857 GHz. A good understanding of the SED of the source as well as of the total intensity flux within the Planck beam will be required for an accurate determination of the angle of polarisation of the detectors and of a possible cross polarisation effect between detector as they limit the accuracy to which the CMB polarised angular power spectra will be measured.
The emission spectrum of the A.D. 1054 supernova remnant has been the subject of a host of investigations over several decades in frequency. The radio spectrum is Send offprint requests to: macias@lpsc.in2p3.fr ⋆ Currently at CESR, 9 Avenue du Colonel Roche, 31028 Toulouse cedex 4, France known to exhibit a synchrotron power law with a spectral index β ≃ −0.299 ± 0.009 (Baars et al. (1977) ). This continuum from radio synchrotron seems to be fading with a rate α = (−0.167 ± 0.015)%yr −1 (Aller & Reynolds (1985) ). At higher frequency, above 10 4 GHz, the observation are also consistent with synchrotron emission with a power-law of spectral index −0.73 (Veron-Cetty & Woltjer (1993) ). The data from IRAS satellite (Marsden et al. (1984) ) have been reanalyzed by Strom & Greidanus (1992) revealing a significant excess of emission over the low frequency synchrotron spectrum, well explained by a single dust component at a temperature T ∼ 46 K, thus requiring a 0.02 M ⊙ dust mass. Using MPifrR bolometer arrays at the IRAM 30 m telescope, Bandiera et al. (2002) gave the first evidence for a new component at milllimetre wavelengths. They have shown that this 1.3 mm excess flux cannot be interpreted as emission from a dust component whereas the data may be consistent with a low energy cutoff in the energy distribution of the emitting particles. However this excess of flux is based on a unique measurement at 1.3 mm.
In this paper, we use recent observations of the Crab Nebula by the WMAP satellite at 23, 33, 41, 61 and 94 GHz (Page et al. 2006) and by the Archeops balloon experiment at 143, 217, 345 and 545 GHz (Macías-Pérez et al. (2007) , Desert et al. (2008) ). These data in addition to already published data are used to study the Crab Nebula SED in order to assess the validity of the millimetre excess proposed by Bandiera et al. (2002) . The paper is organized as follows. Sect. 2 presents the SED of the Crab Nebula from 1 to 10 6 GHz and compares it to a model including the synchrotron and dust well known components. In Sect. 3 we perform a coherent analysis of the Crab SED over the full frequency range adding an extra component to the previous model to account for the possible millimetre excess. Summary and conclusions are given in Sect. 4.
SED of the Crab Nebula
We present in this section a coherent analysis of the Crab SED in the range 1 to 10 6 GHz based on a compendium of observations 1 shown in Table 1 . Notice that to be able to directly compare to the Archeops and WMAP data, we have chosen only those data sets for which integrated fluxes over the full extension of the Crab Nebula are available.
Low-frequency synchrotron emission
An accurate determination of the low-frequency synchrotron component is necessary to assess the synchrotron contribution at mm frequencies. Any inter-comparison of lowfrequency radio observations of the Crab nebula must take into account its well-known secular decrease. In particular Aller & Reynolds (1985) have estimated a secular decrease in the flux density at a rate α = (−0.167 ± 0.015) %yr −1 from observations at 8 GHz over the period 1968 to 1984. This result is in good agreement with other studies at lower frequencies: for example α = (−0.18 ± 0.1) %yr −1 over the period 1977 to 2000 at 927 MHz by Vinyajkin (2005) .
All these measurements are in fair agreement with theoretical evaluations of the evolution of pulsar driven supernova remnants by Reynolds & Chevalier (1984) which predicts α ranging from −0.16% to −0.4%yr −1 . For this paper the value α = −0.167 %yr −1 is chosen for the fading of the Crab Nebula and all data are converted to a common observation date, 01/01/2003. In figure 1 we trace the flux of the Crab Nebula as a function of frequency for the fading corrected low-frequency data in table 1 ranging from 1 to 143 GHz. We observe a large decrease of flux with increasing frequency which can be represented by a power law of the form A 1 ν 1GHz β 1 . By χ 2 minimization, we obtain for the lowfrequency data up to 100 GHz β 1 = −0.324 ± 0.006 and A 1 = (1005 ± 18) Jy Fig. 1 . SED of the Crab Nebula from 1 to 100 GHz. The red line corresponds to a global power-law best-fit of the data as described in the test. The blue line corresponds to the powerlaw best-fit to the data excluding the WMAP data (black diamonds). The black line corresponds to the power-law best-fit to the data using only the WMAP data. The light blue diamonds are the WMAP data (black diamonds) increased by 8 %. Baars et al. (1977) 2 . However when Chini et al. (1984) a conservative 10% error has been chosen to account for extrapolation errors. The central epoch of observation is also indicated. This is used for the evaluation of the fading effect of the low frequency synchrotron component, up to ∼ 100 GHz.
we exclude the WMAP data (black data points), we find The incompatibility of the above results can be explained either by inter-calibration errors of ∼ 8 % or by an evolution of the synchrotron SED towards a harder spectrum or by a dramatic change of the fading with time. The latter seems to be quite unlikely and no other indication of evolution on the synchrotron spectrum at those frequencies has been claimed yet. To illustrate a possible intercalibration error we also trace on Fig 1 the WMAP data increased by 8 % (light blue diamonds) to make them compatible with the rest of the low-frequency data.
However, the data we use does not clearly favor any of the above options and a more detailed study of this problem is out of the scope of this paper. Indeed, we are only interested in quantifying a possible excess of flux at millimetric wavelengths with respect to the low frequency synchrotron emission. Therefore, being conservatives, hereafter and for all the analyses performed we will use three different data sets: the first one containing the full low frequency data set except WMAP (data set A), the second one containing only the WMAP data at low frequency (data set B) and the last one considering the full data set at low frequency (data set C). Table 2 summarizes the parameters for the best-fit model to the three data sets for the low-frequency synchrotron spectrum. Table 2 . χ 2 /N do f value and parameters for the best-fit model to the data for the low-frequency synchrotron spectrum. See text for detail description of the A, B and C data sets.
High frequency synchrotron and dust emission
The Crab synchrotron emission described above evolves at higher frequencies, around 10 4 GHz, towards a much harder SED with a spectral index of ∼ −0.73 (see for example Veron-Cetty & Woltjer (1993) ). To accurately estimate the synchrotron emission properties at high frequency we have fitted the data from 10 4 to 10 6 GHz presented in table 1 to a power law of the form A 2 ν β 2 . By χ 2 minimization, we found the data to be well fitted, χ 2 /N dof = 0.155, by a power law of parameters β 2 = (−0.698 ± 0.018) and A 2 = (43.5 ± 8.8) × 10 3 Jy Figure 2 represents the high-frequency data in black and the best-fit power law model in red.
Finally, the infrared satellite observatory IRAS has revealed significant excess emission above this synchrotron contribution around 50 µm (Marsden et al. (1984) ). As shown by Strom & Greidanus (1992) this can be explained, after careful removing of the synchrotron component, by a single dust component described by a modified black body of emissivity β = 2 at T= 46 ± 3 K, requiring a dust mass of 0.02 M ⊙ .
Millimetric excess
To evaluate a possible millimetric excess of flux in the range 100 to 1000 GHz we assume the above canonical modeling of the Crab nebula SED: a synchrotron component with a spectral index break at high frequency and a dust component at infrared wavelengths. We can thus reconstruct the Crab nebula emission at the millimetric frequencies and compare it to the data in table 1. For the low-frequency synchrotron emission we consider the best-fit for the three data sets A (all data but except WMAP), B (only WMAP at low frequencies) and C (all data). From left to right Fig 3 shows the residuals to the canonical model from 10 to 2 × 10 4 GHz for data sets A, B and C, respectively. For clarity, the residuals for the Archeops data are represented in red on the figure. We observe that there is no significant excess of power in the millimetric regime from 100 to 1000 GHz except for the 545 GHz Archeops data sample which presents only a 1.5 sigma excess. Indeed, the χ 2 /N do f for the null hypothesis are 0.68, 1.15 and 1.32 for the data sets A, B and C, respectively.
Refined modeling
In the previous section we have proved that the millimetric data in table 1, from 100 to 1000 GHz, are compatible with the canonical model assuming single synchrotron and dust components. However, it is interesting to check if an extra component may improve significantly the fit to the data. Following Bandiera et al. (2002) we consider either an extra low-temperature dust emission or an extra synchrotron component. Thus, the three component model is defined as follows 1. Canonical synchrotron that is described by four parameters: spectral index and amplitude for the low and high frequency emission. At high frequency we consider both the amplitude and the spectral index fixed and set them to the values obtained in Sect. 2.2. At low frequency we fix the spectral index to the value obtained in Sect. 2.1 and the amplitude, A S , is fitted. We also assume a constant fading of α = −0.167 %yr −1 as before. 2. Canonical dust (following Strom & Greidanus (1992) ) described by a modified black body with three free parameters, A D , T D and β D that represent the amplitude, temperature and spectral index respectively. 3. One of the extra components as described below.
Extra low-temperature dust emission
In Sect. 2.3 we concluded that at 545 GHz the difference between the standard model and the data is at its maximum. In the case of an extra dust component this implies very low temperature dust in the range from 4 to 10 K. To model this component we assume a modified black body spectrum with three free parameters A LT D , T LT D and β LT D that represent the amplitude, temperature and spectral index respectively. The best-fit model to the data is found by χ 2 minimization on the full frequency range from 1 to 10 6 GHz. As above we have performed our analysis on data sets A, B and C. table 3 . We also present the χ 2 /N do f values for the global fit in the frequency range from 1 to 10 6 GHz and on the millimetric range from 100 to 1000 GHz.
For the three data sets we obtain a good global fit to the data as shown by the χ 2 /N do f values. The best-fit parameters obtained for the canonical synchrotron and dust components are in good agreement with those presented in Sect. 2. Comparing with Strom & Greidanus (1992) , we found the same dust temperature, 46 ± 1 K, with an error bar improved by a factor of three, as we carefully account for the canonical synchrotron spectrum. For the data set A the amplitude of the extra component is compatible with zero and therefore we conclude that there are no evidence for an extra component in the form of low-temperature dust. For data sets B and C an extra component not compatible with zero at 95 % CL is favored. However, we observe that on the one hand the data require extremely low temperatures of 5 and 6 K, therefore dust masses of ∼230 and ∼ 110 M ⊙ for data sets B and C respectively, making the model rather unrealistic. On the other hand, the improvement of the χ 2 /N do f in the millimetric region between 100 and 1000 GHz is not significant to justify the addition of the three extra parameters required by the low-temperature dust component. This is also clear on the bottom panel of figure 4 where we represent from left to right the residuals to the best-fit model to the data on the millimetric regime for data sets A, B and C, respectively.
Extra synchrotron component
For the extra synchrotron component we consider, as in Bandiera et al. (2002) , that the distribution of energy of the relativistic electrons responsible for the emission is well represented by a power law with spectral index in the range 1 to 3 and present a low-energy cutoff. To account for an excess of flux in the millimeter regime, the critical frequency corresponding to the lowest energy electrons must be somewhere in the range 200 to 600 GHz. In total the lowenergy cutoff synchrotron model has three parameters, p the spectral index of the electron energy distribution, ν c the lowenergy cutoff critical frequency and A LECS , a normalization coefficient. The best-fit to the data is found by χ 2 minimization.
For this case we have also performed our analysis on data sets A, B and C. The parameters and error bars of the best-fit to the data for the three data sets as well as the percentage of flux due to the extra component with respect to the total flux at 545 GHz are given on table 4. We also present χ 2 /N do f values for the best-fit to the data on the full data set from 1 to 10 6 GHz and on the millimetric regime from 100 to 1000 GHz. From left to right the plots on the top panel of figure 5 represents data sets A, B and C, respectively, as black data samples. The global best-fit model to the data is represented in red. The canonical synchrotron component is shown on light blue and the canonical dust in orange. The extra low-energy cutoff synchrotron component is represented in blue.
As above, for the three data sets we obtain a good global fit to the data as shown by the χ 2 /N do f values. The best-fit parameters obtained for the canonical synchrotron and dust components are in good agreement with those presented in Sect. 2 and on Strom & Greidanus (1992) . For data sets A and C the amplitude of the extra synchrotron component is compatible with zero as well as the value of the spectral index of the electron energy distribution. We therefore conclude that these two data sets show no evidence of an extra component in the form of low-energy cutoff synchrotron. For data set B the raw result is that the amplitude of the synchrotron component is non-zero at the 95% CL. However, the best-fit values for the spectral index p and the critical frequency ν c are compatible with zero indicating that this component is not physical. In addition, we observe that for this data set the χ 2 /N do f in the millimetric region from 100 to 1000 GHz is worse than the one obtained in Sect 2.3 assuming the canonical model only. The bottom panel of figure 4 represents from left to right the residuals to the best-fit model to the data on the millimetric regime for data sets A, B and C, respectively. From these we conclude that the fit to the data in this regime is not improved by adding an extra synchrotron component.
We have also performed the analysis of the three data sets considering the p and ν c parameters fixed and set to the values quoted by Bandiera et al. (2002) . The analysis for the three data sets show that the amplitude of the extra synchrotron component is compatible with zero and therefore we conclude that the data show no evidence of millimetric excess.
Summary and conclusions
We present in this paper a comprehensive analysis of the SED of the Crab Nebula in the frequency range from 1 to 10 6 GHz. For this purpose we have used new data from the WMAP satellite (Page et al. 2006) and from the Archeops balloon experiment (Desert et al. (2008) ) in addition to data currently available. We are mainly interested in the millimetric regime from 100 to 1000 GHz where an excess of flux with respect to the canonical model has been claimed by Bandiera et al. (2002) . This canonical model assumes a synchrotron component with SED well represented by a power law with different spectral index at low and high frequency, plus a dust component corresponding to a modified black body emission at a temperature of ∼ 46 K and spectral index 2.
We have first characterized the canonical model. The low and high frequency synchrotron component were modeled by a simple power law with two free parameters, amplitude and spectral index and the fading of the Crab Nebula emission was accounted for by assuming a fixed value of 0.162 % per year. At high frequency, the best-fit model is compatible with previous results. However, at low frequency, the best-fit model considering the full data sets is not compatible with the "canonical" spectral index value β ≃ −0.299 ± 0.009 from Baars et al. (1977) . By contrast, when we exclude WMAP data (Page et al. 2006) , or considering them on their own, the canonical value is recovered. This can be explained either by inter-calibration errors of ∼ 8% or by an evolution of the synchrotron SED towards a harder spectrum or by a dramatic change of the fading with time. As we are interested only in a possible millimetric excess, we leave that question open, and consequently considered three different data sets (full data, WMAP only and excluding WMAP) in which we searched for a millimetric excess.
Beside the canonical synchrotron, the IRAS data of the Crab Nebula emission show a large excess in the infrared, well explained by a modified black-body with a temperature of ∼ 46 K (Strom & Greidanus (1992) ). As we considered in our analysis the low and high frequency data, we obtained an accurate estimation of this temperature, ∼ 46 ± 1 K, with error bar improved by a factor of three with respect to Strom & Greidanus (1992) .
Concerning the millimetric excess, we first observed that the data are compatible with the canonical model. To check if an extra component may improve significantly the fit to the data, we consider either an extra low-temperature dust emission or an extra low-energy cutoff synchrotron component, as in (Bandiera et al. (2002) ). In both cases, we conclude that the current data on the un-polarised Crab Nebula emission present no evidence of a millimetric excess with respect to the canonical synchrotron and dust model.
From this analysis, we conclude that considering an extra synchrotron with a low energy cutoff, we can exclude at 95% (CL) an excess of flux of 48 Jy at 545 GHz with respect to the canonical synchrotron. This is of importance for the calibration of the Planck satellite mission which will use the Crab Nebula for polarization cross-checks in the range 30 to 857 GHz. 6 GHz assuming an extra dust component at low-temperature. Top panel: from left to right the figures correspond data sets A, B and C respectively as discussed in the text. In black, red, light blue, yellow, and blue we represent the data, the best-fit model to the data and the synchrotron, the main dust and the extra dust components associated to it, respectively. Bottom panel: residuals in the millimetric regime for the top panel models. Notice that only the data used for the fit are represented in the figures.
0.68 973 ± 7 128 ± 7 45.9 ± 1.2 1.93 ± 0.50 31 ± 29 5 ± 17 3.7 ± 3.4 19 ± 18 0.97 B 0.59 927 ± 14 138 ± 8 45.9 ± 1 1.77 ± 0.29 49 ± 28 5 ± 8 1.8 ± 1.6 26 ± 15 1.20 C 0.90 1005 ± 10 144 ± 8 45.9 ± 1.6 1.89 ± 0.78 53 ± 32 6 ± 14 1.6 ± 1.3 29 ± 18 1.24 Table 3 . Best-fit model parameters and errors for the extra dust component model for data sets A, B and C. χ 2 /N do f for the full data set and on the millimetric regime from 100 to 1000 GHz. Percentage of flux at 545 GHz due to the extra dust component with respect to the total flux. 6 GHz assuming an extra synchrotron component. Top panel: from left to right the figures correspond to the data sets A, B and C respectively as discussed in the text. In black, red, light blue, blue and yellow we represent the data, the best-fit model to the data and the main synchrotron, the extra synchrotron and the dust components associated to it, respectively. Bottom panel: residuals in the millimetric regime for the top panel models. Notice that only the data used for the fit are represented in the figures.
0.67 966 ± 14 128 ± 9 45.9 ± 1.0 1.89 ± 0.4 9 ± 10 531 ± 298 5 ± 5 5 ± 6 0.91 B 0.72 868 ± 39 141 ± 8 45.9 ± 5.0 1.80 ± 0.4 24 ± 12 501 ± 1923 4 ± 14 15 ± 8 1.25 C 1.09 999 ± 12 143 ± 10 45.9 ± 1.0 1.80 ± 0.4 4 ± 6 459 ± 106 3 ± 10 3 ± 5 1.98 Table 4 . Best-fit model parameters and errors for the extra syncrotron component model for data sets A, B and C. χ 2 /N do f for the full data set and on the millimetric regime from 100 to 1000 GHz. Percentage of flux at 545 GHz due to the extra synchrotron component with respect to the total flux.
